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ABSTRACT 

T h r e e  g e n e r a l  methods of i n v e s t i g a t i n g  charged  p a r t i c l e  
t e m p e r a t u r e s  i n  t h e  upper  atmosphere have been used:  (a) direct  
measurements from rockets and s a t e l l i t e s ;  (b) i n d i r e c t  determi- 
a t i o n  u s i n g  e l e c t r o n  scale h e i g h t s  measured from r o c k e t s  and 
s a t e l l i t e s ;  (c) ground-based r a d a r  i n c o h e r e n t  backscatter e x p e r i -  
ments.  The l a t i t u d e ,  a l t i t u d e  and tempora l  t r e n d s  of these 
r e s u l t s  are reviewed and t h e  i m p l i c a t i o n s  d i s c u s s e d .  

t h a t  t h e  e l e c t r o n  t empera tu re  i n c r e a s e s  w i t h  l a t i t u d e  f o r  both 

day t ime  and n i g h t t i m e  c o n d i t i o n s .  Moderate d i f f e r e n c e s  between 
t h e  dayt ime e l e c t r o n  and n e u t r a l  gas t e m p e r a t u r e s  are i n d i c a t e d  
t o  a l t i t u d e s  w e l l  above t h e  F2 peak f o r  a w i n t e r  m i d - l a t i t u d e  
ionosphe re  a t  a n  epoch between s o l a r  maximum and s o l a r  minimum 
c o n d i t i o n s .  Much l a r g e r  dayt ime d i f f e r e n c e s  are  observed  f o r  
summer months and f o r  s o l a r  minimum c o n d i t i o n s .  A l l  of  these 
t r e n d s  reflect  co r re spond ing  changes i n  t h e  e l e c t r o n  d e n s i t y .  

The dayt ime o b s e r v a t i o n s  are  c o n s i s t e n t  w i t h  u l t r a v i o l e t  
r a d i a t i o n  a s  t h e  predominant heat  s o u r c e  i f  t h e  p o s s i b i l i t y  of 
p h o t o e l e c t r o n s  d i f f u s i n g  a long  magnet ic  f i e l d  l i n e s  and deposit-  
i n g  t h e i r  e x c e s s  energy  elsewhere is inc luded .  A n i g h t t i m e  
heat  s o u r c e  small  compared t o  t h e  dayt ime u l t r a v i o l e t  e f fec t  is 
r e q u i r e d  t o  e x p l a i n  t h e  o b s e r v a t i o n s .  

Obse rva t ions  by a l l  t h r e e  methods are c o n s i s t e n t  i n  showing 
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INTRODUCTION 
A t  t h e  f i r s t  F lo rence  meeting of COSPAR, e a r l y  direct  

measurements of e l e c t r o n  tempera ture  Te were r e p o r t e d  from 
r o c k e t s  (Aono e t  a l ,  1961) and from t h e  Exp lo re r  V I 1 1  S a t e l l i t e  
(Bourdeau, 1961) .  The Japanese rocke t  r e s u l t s  sugges t ed  temper- 
a tu re  e q u i l i b r i u m  between e l e c t r o n s  and n e u t r a l  c o n s t i t u e n t s  i n  
t h e  E reg ion  of t h e  day t ime  ionosphere .  
t h e  daytime E r eg ion  subsequent ly  were confirmed by US r o c k e t  
exper iments  (Spencer e t  a l ,  1962) .  
measurements (Smith,  1961; Aono e t  a l ,  1962; Brace e t  a l ,  1963) 
showed t h a t  s i g n i f i c a n t  d e p a r t u r e s  from tempera ture  e q u i l i b r i u m  
a r e  more o f t e n  observed t h a n  not  i n  t h e  E r e g i o n  even a t  n i g h t .  
The r e s u l t s  of Spencer e t  a 1  (1962) showed t h a t  d e p a r t u r e s  from 
tempera ture  e q u i l i b r i u m  extended w e l l  i n t o  t h e  daytime F r e g i o n .  

a p p l i c a b l e  t o  t h e  r eg ion  cons ide rab ly  above t h e  F2 peak a t  m i d -  

l a t i t u d e s  f o r  s o l a r  c o n d i t i o n s  when t h e  1 0 . 7  c m  f l u x  index (Slo.7) 
was 150 WM-2CPS-1 were reviewed by Bauer and Bourdeau (1962) 
and Bourdeau (1963) .  I m p l i c a t i o n s  of tempera ture  e q u i l i b r i u m  
a t  h i g h  a l t i t u d e s  which t h e y  o p t i m i s t i c a l l y  d e r i v e d  from t h e  
d a t a  c r i t i c a l l y  depenlded on t h e  assumed n e u t r a l  g a s  t empera tu re  
(Tg). When these e a r l y  direct  measurements of Te and of t h e  

average  e l e c t r o n - i o n  tempera ture  ( 

d e n s i t y  p r o f i l e s  now a r e  compared w i t h  more r e c e n t  r e f e r e n c e  
atmospheres moderate v a l u e s  f o r  Te/T 
a t  midday even t o  a l t i t u d e s  above 1000 k m  f o r  t h e  i n d i c a t e d  l e v e l  
of s o l a r  a c t i v i t y .  These  o b s e r v a t i o n s  a r e  i n  approximate agree-  
ment w i t h  t h e  t h e o r e t i c a l  model of Hanson (1962) who assumed 
e l e c t r o n  d e n s i t y  v a l u e s  close t o  these p a r t i c u l a r  o b s e r v a t i o n a l  
c o n d i t i o n s .  

Low v a l u e s  of Te i n  

However, o t h e r  r o c k e t  Te 

E a r l y  measurements of charged p a r t i c l e  t empera tu res  

Te + Ti 
z ) o b t a i n e d  from e l e c t r o n  

of about  1 .3  a r e  i n d i c a t e d  
g 

. 
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More e x t e n s i v e  charged  p a r t i c l e  t empera tu re  o b s e r v a t i o n s  
f o r  d i f f e r e n t  epochs  of t h e  s o l a r  c y c l e  now have been made by 
use  of ground-based r a d a r  i ncohe ren t  b a c k s c a t t e r  e x p e r i m e n t s ,  
by a d d i t i o n a l  d i r e c t  measurements f r o m  rockets and s a t e l l i t e s  
and i n d i r e c t l y  f r o m  electron d e n s i t y  p ro f i l e s  o b t a i n e d  from 
rockets and t h e  A l o u e t t e  Topside Sounder S a t e l l i t e .  In  g e n e r a l ,  
t h e  t r e n d  is toward much l a r g e r  d e p a r t u r e s  from t empera tu re  
e q u i l i b r i u m  t h a n  i n d i c a t e d  i n  t h e  t h e o r e t i c a l  models and i n  t h e  

e a r l i e r  o b s e r v a t i o n s  e s p e c i a l l y  a t  t h e  h i g h e r  a l t i t u d e s .  
It is t i m e l y  t h e n ,  as  is done i n  t h i s  r e p o r t ,  t o  compare 

these t r e n d s  w i t h  t h e  i n t r o d u c t i o n  of l a t i t u d e  and tempora l  
e l e c t r o n  d e n s i t y  v a r i a t i o n s  i n  t h e  e a r l y  t h e o r e t i c a l  models. 

FACTORS CONTROLLING THE ELECTRON TEMPERATURE 
The p r i n c i p a l  f a c t o r s  c o n t r o l l i n g  Te a r e :  

H e a t  I npu t  
1. S o l a r  U l t r a v i o l e t  R a d i a t i o n  

A .  Loca l ly-depos i ted  energy  
B .  D i f f u s i n g  p h o t o e l e c t r o n s  

(Z > 300km) 
2 .  Corpuscular  R a d i a t i o n  

Heat Loss 
1. I n e l a s t i c  c o l l i s i o n s  w i t h  n e u t r a l  

c o n s t i t u e n t s  ( Z  < 250km) 
2 .  E l a s t i c  c o l l i s i o n s  w i t h  i o n s  

(Z > 250 km) 
A .  Ion t empera tu re  c o n t r o l l e d  

only by n e u t r a l  c o n s t i t u e n t s  
B .  Ion t empera tu re  a l s o  c o n t r o l l e d  

by e l e c t r o n s  ( Z  > 600km) . 
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3. Coulomb c o l l i s i o n s  of p h o t o e l e c t r o n s  
w i t h  ambient e l e c t r o n s  

Thermal c o n d u c t i v i t y  i n  t h e  e l e c t r o n  gas  
( Z  > 600km) 

T h e o r e t i c a l  charged p a r t i c l e  tempera ture  models based on 
s o l a r  u l t r a v i o l e t  h e a t i n g  a lone  have been developed by Hanson 
and Johnson (19611, Hanson (1962) and Dalgarno e t  a 1  (1962) .  
O f  these,  Hanson's model is t h e  most complete i n  t h a t  he  

in t roduced  t h e  p o s s i b i l i t y  of ( a )  p h o t o e l e c t r o n s  d i f f u s i n g  
a long  magnetic f i e l d  l i n e s  and d e p o s i t i n g  t h e i r  energy else- 
where ,  (b )  t h e  l o s s  of i on  tempera ture  c o n t r o l  by t h e  n e u t r a l  
c o n s t i t u e n t s  and ( c )  t h e  importance of thermal  c o n d u c t i v i t y  i n  
t h e  e l e c t r o n  gas  a t  h igh  a l t i t u d e s .  The i n d i c a t e d  a l t i t u d e s  
where these  f a c t o r s  a r e  impor tan t  r e p r e s e n t  Hanson's e s t i m a t e s  
based on h i s  assumed model atmosphere and e l e c t r o n  d e n s i t y  
p r o f i l e  . 

The models of Hanson and of Dalgarno e t  a 1  each used a 
s i n g l e  e l e c t r o n  d e n s i t y  p r o f i l e  and both  depended on r o c k e t  
measurements of u l t r a v i o l e t  r a d i a t i o n  i n t e n s i t y  ( H a l l  e t  a l ,  
1962) t o  e s t i m a t e  t h e  h e a t  i n p u t ,  Q. The EUV i n t e n s i t y  used 
a p p l i e s  t o  a l e v e l  of s o l a r  a c t i v i t y  cor responding  t o  SlOs7 ,z 100. 
The h e a t  input  is t h e  product  of t h e  EUV i n t e n s i t y ,  t h e  i o n i z a t i o n  
c r o s s - s e c t i o n s  and t h e  d e n s i t y  of t h e  i o n i z a b l e  c o n s t i t u e n t s  
and of t h e  h e a t i n g  e f f i c i e n c y .  Both t h e o r e t i c a l  charged p a r t i c l e  
tempera ture  models e x h i b i t  approximately t h e  same a l t i t u d e  
behavior  wherein low v a l u e s  of Te/T 
r e g i o n ,  w i t h  t h e  r a t i o  r each ing  a maximum of about  2 . 0  - 2 . 5  
a t  200 k m  and d e c r e a s i n g  i n  t h e  upper  F r e g i o n .  A p r i n c i p a l  
and important  d i f f e rence  is t h a t  t h e  model of Dalgarno e t  a 1  
has  Te - T 

model permi ts  v a l u e s  f o r  Te/T 

a r e  i n d i c a t e d  i n  t h e  E 
g 

e s s e n t i a l l y  v a n i s h i n g  above 300 km where Hanson 's  
g 

of about  1 . 2  c o n s t a n t  a t  ex t remely  
g 
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. 

high  a l t i t u d e s .  
Because t h e  o b s e r v a t i o n a l  evidence is most h e a v i l y  

weighted f o r  a l t i t u d e s  above t h e  F2 peak,  t h e  most impor tan t  
e f f e c t  t o  examine is t h e  e f f i c i e n c y  of c o o l i n g  t o  p o s i t i v e  
i o n s .  On t h e  assumption t h a t  coo l ing  o c c u r s  only  by e l a s t i c  
c o l l i s i o n s  t o  atomic oxygen i o n s ,  t h e  e l e c t r o n  tempera ture  is 
given  (Hanson, 1962) by: 

6 - 2.1x10 Q Te - Ti 

where Q is t h e  h e a t  i n p u t  t o  the  e l e c t r o n s  expressed  i n  
ev  c m  sec and Ne is t h e  e lec t ron  d e n s i t y .  For v a l u e s  of 
Q g r e a t e r  t h a n  a c r i t i c a l  va lue  (Qc) g iven  by 

-3 -1 

2 -1/2 Q N~ T~ 
C 9 

t h e r e  is no  s o l u t i o n  t o  (1 )  and Te is no t  l i m i t e d  by energy  
t r a n s f e r  t o  p o s i t i v e  i o n s  (Hanson and Johnson,  1961) .  I f  
Q = Qc,  Te > ZTi and i f  Q >> Qc,  very  l a r g e  "runaway" v a l u e s  
of Te w i l l  r e s u l t  and h e a t  conduct ion i n  t h e  e l e c t r o n  g a s  is 
an impor tan t  e f f e c t .  

SOLAR CYCLE VARIATIONS OF Te 

d e n s i t y  p r o f i l e s  t y p i c a l  of December 1960 and 1962, r e s p e c t i v e l y .  
The p r i n c i p a l  d i f f e r e n c e s  t o  n o t e  a r e  t h e  much h i g h e r  v a l u e s  of 

Nmax max 

I n  F i g u r e  1 a r e  i l l u s t r a t e d  daytime m i d - l a t i t u d e  e l e c t r o n  

and h f o r  t h e  1960 p e r i o d ,  and t h e  c o n s t a n t  e l e c t r o n  



- 6 -  

s c a l e  he igh t  f o r  t h e  1960 c a s e  i n  c o n t r a s t  t o  t h e  c o n t i n u a l l y  
va ry ing  s c a l e  h e i g h t  f o r  t h e  1962 p r o f i l e .  The monthly mean 
of t h e  solar 10.7  c m  f l u x  d u r i n g  December 1960 was 150 WM-2CPS-1. 

In  Figure 2 is p resen ted  t h e  m i d - l a t i t u d e  d i u r n a l  e l e c t r o n  
tempera ture  v a r i a t i o n  d i r e c t l y  measured d u r i n g  November-December 
1960 (Bourdeau and Donley, 1963) from t h e  Exp lo re r  V I 1 1  S a t e l l i t e  
f o r  magnet ica l ly-quie t  days assuming Te is c o n s t a n t  w i t h  a l t i t u d e .  
Depending on which  of t h e  c u r r e n t  r e f e r e n c e  atmospheres  f o r  t h e  

p e r t i n e n t  l e v e l  of s o l a r  a c t i v i t y  is u s e d , t h e  average  midday Te 
v a l u e  of 1600°K t aken  a t  midday and a t  a l t i t u d e s  above 1000 km 
corresponds  t o  an e s t i m a t e d  v a l u e  f o r  T,/T 

It is  s e e n  from Equat ion (1)  t h a t  t h e  r a t i o  of t h e  h e a t  
i n p u t  t o  t h e  squa re  of t h e  e l e c t r o n  d e n s i t y  (&/Ne ) c o n t r o l s  t h e  

2 e l e c t r o n  temperature  a t  h igh  a l t i t u d e s .  
computed a t  400 km from t h e  December 1960 Ne p r o f i l e  i n  F i g u r e  1 

closely corresponds t o  t h e  v a l u e  used by Hanson a s  an upper l i m i t  
i n  h i s  model. We have t aken  i n t o  account  t h a t  t h e  h e a t  i n p u t  Q 
would be l a r g e r  than  i n  Hanson's c a s e  by assuming a l i n e a r  change 

of EUV i n t e n s i t y  w i th  t h e  d e c i m e t r i c  f l u x  i n d e x ,  S l O a 7 ,  and a 
cor responding  change i n  t h e  d e n s i t y  of t h e  i o n i z a b l e  c o n s t i t u e n t ,  
n ( 0 ) .  The h igher  h e a t  i n p u t  is compensated f o r  l a r g e l y  by t h e  

h i g h e r  e l e c t r o n  d e n s i t y  t h a n  t h a t  used by Hanson. Thus w e  should  
and do e s t i m a t e  s i m i l a r  v a l u e s  for Te a s  d i d  Hanson. 
w e  f i n d  e x c e l l e n t  agreement between t h e  observed  Te/T 

1 . 1 5  - 1.33 and Hanson's t h e o r e t i c a l  upper l i m i t  of about  1 . 1 5 .  
In  F igure  3,  t h e  Exp lo re r  V I 1 1  d a t a  a r e  i n c l u d e d  w i t h  

of  about  1 . 1 5  - 1.33. 
g 

2 

The v a l u e  f o r  &/Ne 

Consequent ly ,  
of 

g 

measurements of  (Te + T . ) / 2  computed from e a r l y  r o c k e t  Ne 

p r o f i l e s  on t h e  assumption of d i f f u s i v e  e q u i l i b r i u m .  Of p a r t i c -  
u l a r  i n t e r e s t  is t h e  i o n  d e n s i t y  p r o f i l e  o b t a i n e d  by Hale (1961) 
a t  midday and a t  about  t h e  same t i m e  a s  t h e  Exp lo re r  V I 1 1  obser -  

1 
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v a t i o n s .  
1962b) is d e r i v e d  f o r  t h e  r eg ion  above 1000 km. The d a t a  are 
t o o  s p a r s e  f o r  a f i r m  conc lus ion  b u t  t h e r e  is a s u g g e s t i o n  by 
t h e  in te r -compar ison  t h a t  f o r  w i n t e r  midday mid-solar  c y c l e  
c o n d i t i o n s  Te 
e l e c t r o n  and i o n  t empera tu res  a r e  modera te ly  h i g h e r  t h a n  t h e  
n e u t r a l  g a s  t empera tu re .  Th i s  would be c o n s i s t e n t  w i th  Hanson's 
arguments t h a t  above 600 km ( a )  thermal  c o n d u c t i v i t y  of t h e  

e l e c t r o n  g a s  cou ld  s u p p o r t  d i f f e r e n c e s  between Te and T 
a r e  c o n s t a n t  w i t h  a l t i t u d e  and fu r the rmore ,  (b)  t h a t  t h e  e l e c t r o n s  
r a t h e r  t h a n  t h e  n e u t r a l  c o n s t i t u e n t s  cou ld  c o n t r o l  t h e  i o n  
t empera tu re  so t h a t  Ti > T . 

g 
imp l i ed  from t h e  measurement i n  December 1961 of a va lue  f o r  

+ Ti)/2 of 1235OK (Taylor  e t  a l ,  1963) from a r o c k e t  f l i g h t  (Te 
f o r  which an e q u i v a l e n t  i o n  tempera ture  h a s  been i n f e r r e d  
(Bauer ,  1964) .  However, w e  e m p h a s i z e  here Equat ion  (1) and t h e  

extreme s e n s i t i v i t y  of Te t o  -Cis e l e c t r o n  d e n s i t y .  
emphasize t h a t  i n  t h e  a c t u a l  c a s e ,  r a t i o s  of &/Ne2 which permi t  
o n l y  moderate r a t h e r  t han  l a r g e  midday  d e p a r t u r e s  f r o m  t empera tu re  
e q u i l i b r i u m  a s  is i n d i c a t e d  f o r  December 1960 a t  h igh  a l t i t u d e s  
perhaps  r e p r e s e n t  t h e  except ion  r a t h e r  t n a n  t h e  r u l e  a t  middle  

and h i g h  l a t i t u d e s .  

Let u s  c o n s i d e r  now t h e  d r a s t i c  changes i n  charged p a r t i c l e  
t empera tu re  c h a r a c t e r i s t i c s  as one  moves closer t o  s o l a r  minimum 
c o n d i t i o n s .  The average  value f o r  t h e  index  (S) of s o l a r  a c t i v i t y  
co r re spond ing  t o  t h e  December 1962 p r o f i l e  i l l u s t r a t e d  i n  F i g u r e  1 
was 85. Taking i n t o  account  a l i n e a r  d e c r e a s e  i n  EUV i n t e n s i t y  

from t h e  t i m e  of t h e  r o c k e t  EUV measurements (Ha l l  e t  a l ,  1962) 
and a co r re spond ing  dec rease  i n  t h e  d e n s i t y  of t h e  i o n i z a b l e  

Here a v a l u e  f o r  (Te + Ti)/2 of 1600°K (Hanson, 

Ti a t  a l t i t u d e s  above 1000 km b u t  t h a t  bo th  t h e  

which 
g 

g 
Low midday v a l u e s  of Te/T a t  h igh  a l t i t u d e s  a l s o  can  be 

W e  f u r t h e r  

. 

. 
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I c o n s t i t u e n t s  and computing Q d i r e c t l y  f r o m  t h e  observed Ne 
C 

p r o f i l e ,  t h e  e s t i m a t e d  r a t i o  Q/Qc is l a r g e r  t h a n  2 .  
of t h e  u n c e r t a i n t i e s  i n  o u r  knowledge of i o n i z a t i o n  c ros s -  
s e c t i o n s  and model a tmospheres ,  t h e  computation of Q/Q is 
s u g g e s t i v e  r a t h e r  t h a n  q u a n t i t a t i v e .  
i t  does  appear t h a t  t h e  EUV effect  f o r  l o w  e l e c t r o n  d e n s i t i e s  
is s u f f i c i e n t  t o  cause very  large e l e c t r o n  and p o s s i b l y  runaway 
e l e c t r o n  tempera tures .  

Because 

C 
Within these u n c e r t a i n t i e s ,  

In  F igure  4 is p l o t t e d  a m i d - l a t i t u d e  d i u r n a l  v a r i a t i o n  
of e l e c t r o n  s c a l e  h e i g h t s  c a l c u l a t e d  f o r  an a l t i t u d e  of 500 k m  

from e l e c t r o n  d e n s i t y  p r o f i l e s  ob ta ined  by t h e  use  of t h e  

A l o u e t t e  s a t e l l i t e  d u r i n g  t h e  p e r i o d  October-December 1962 
(Bauer and Blumle, 1964) .  I t  is seen  t h a t  on t h e  assumption of 
d i f f u s i v e  equ i l ib r ium and 0' a s  t h e  p r i n c i p a l  i o n i c  c o n s t i t u e n t ,  
v a l u e s  f o r  (Te + Ti)/2 of 1500°K a r e  i n d i c a t e d  a t  midday. 
Ti = T 
Blumle, 1964) ,  which is much i n  excess  of t h e  December 1960 v a l u e .  
T h i s  should  n o t  be s u r p r i s i n g  because of t h e  l a r g e  i n c r e a s e  i n  
t h e  r a t i o  Q/Ne2 a t  400 km and above from December 1962 t o  December 
1960. 

If t h e  assumed model atmosphere and i o n i z a t i o n  c r o s s - s e c t i o n s  

Assuming 
a value f o r  Te/T of about 2 . 0  is i n d i c a t e d  (Bauer and 

g '  g 

on which t h e  computation of Q/Qc depends a r e  c o r r e c t ,  t h e  f a c t  
t h a t  runaway e l e c t r o n  t empera tu res  a r e  no t  observed s u g g e s t s  t h a t  
much of t h e  hea t  i npu t  is not  d e p o s i t e d  l o c a l l y .  A l s o  i t  shou ld  
be emphasized t h a t  t h e  r a t i o  of 2 . 0  f o r  Te/T must be cons ide red  
an upper l i m i t  s i n c e  it assumes t h a t  a t  500 k m  t h e  i o n  and n e u t r a l  
g a s  tempera tures  a r e  t h e  same. Evans (1964) w i t h  radar-back- 
s c a t t e r  experiments  obse rves  a t  s i m i l a r  l a t i t u d e s  and under  
s i m i l a r  c o n d i t i o n s  t h a t  Ti > T even a s  low a s  400 km. Thus t h e  

v a l u e s  f o r  Te imp l i ed  from F igure  4 may indeed be somewhat 

g 

. 

g 
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o v e r e s t i m a t e d .  That  t h e  e l e c t r o n  t empera tu re  b e g i n s  t o  c o n t r o l  
t h e  i o n  t empera tu re  a t  an a l t i t u d e  lower t h a n  t h a t  e s t i m a t e d  
b y  Hanson is e x p l a i n a b l e  on t h e  b a s i s  t h a t  t h e  scale  h e i g h t s  

i l l u s t r a t e d  i n  F i g u r e  4 were measured f o r  a d i f f e r e n t  model 
atmosphere and e l e c t r o n  d e n s i t y  p r o f i l e  t h a n  t h a t  assumed by 
Hanson. 

I n  summary, t h e  o b s e r v a t i o n a l  ev idence  a s  expec ted  shows 
a l a r g e  i n c r e a s e  i n  Te/T 
1962 which co r re sponds  t o  a change i n  t h e  r a t i o  of t h e  h e a t  
i n p u t  t o  t h e  s q u a r e  of t h e  e l e c t r o n  d e n s i t y .  In  t h e  1962 c a s e ,  
t h e r e  still  appea r s  t o  be a s u f f i c i e n t  EUV f l u x  t o  e x p l a i n  t h e  
h igh  dayt ime e l e c t r o n  t empera tu res  observed  a t  500 km d u r i n g  
p e r i o d s  o f b w  e l e c t r o n  d e n s i t y ,  There is i n d i r e c t  ev idence  t h a t  
some of  t h e  energy  i s  n o t  l o c a l l y  d e p o s i t e d  and direct  e v i d e n c e  
from Evans'  r e s u l t s  t h a t  t h e  ion a s  w e l l  a s  t h e  e l e c t r o n  temper- 
a t u r e  is r a i s e d  above t h e  n e u t r a l  g a s  t e m p e r a t u r e .  

between December 1960 and December 
g 

SEASONAL VARIATION OF Te 

h i g h e r  a t  t h e  F2 peak i n  w in te r  t h a n  it is i n  summer. For 
example,  
more t h a n  a f a c t o r  of two l a r g e r  i n  t h e  summer t h a n  i n  t h e  w i n t e r  
of 1962. 
i n  t h e  h e a t  i n p u t  are n o t  observed .  These f a c t o r s  a r e  i n  t h e  
d i r e c t i o n  of making t h e  r a t i o  Q/Ne much h i g h e r  i n  t h e  summer 
t h a n  i n  t h e  w i n t e r  months. Consequent ly ,  i t  is p o s s i b l e  t h a t ,  
a t  l e a s t  f o r  m i d - l a t i t u d e s  i n  t h e  Nor thern  Hemisphere, h i g h  
r a t i o s  of T /T w i l l  p e r s i s t  h igh  i n t o  t h e  upper  F r e g i o n  through-  
o u t  a s o l a r  c y c l e .  T h i s  could e x p l a i n  why some of t h e  e a r l y  
r o c k e t  r e s u l t s  t a k e n  between s o l a r  maximum and s o l a r  minimum 
c o n d i t i o n s  ( c f  Spencer  e t  a l ,  1962) show d i f f e r e n t  e l e c t r o n  

Ionosonde d a t a  have shown t h a t  t h e  e l e c t r o n  d e n s i t y  is much 

measured a t  Washingtoi ,  D .  C . ,  was on t h e  ave rage  Nm ax 

Corresponding  changes i n  S lOe7 ,  which re f lec t  changes  

2 

e g  
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t empera ture  b e h a v i o r .  

DIURNAL VARIATION OF ELECTRON TEMPERATURE 
A s  i l l u s t r a t e d  i n  F i g u r e  2 ,  t h e  E x p l o r e r  V I 1 1  s a t e l l i t e  

r e s u l t s  sugges t  a s i g n i f i c a n t  i n c r e a s e  i n  Te d u r i n g  t h e  e a r l y  
morning hours .  High v a l u e s  of  Te i n  t h e  e a r l y  morning a t  t h e  
F2 peak a r e  a l s o  i n d i c a t e d  i n  ground-based b a c k s c a t t e r  observa-  
t i o n s  (Bowles e t  a l ,  1962) and a t  h i g h e r  a l t i t u d e s  by Evans 
(1964) . 

E a r l y  morning maxima i n  e l e c t r o n  t empera tu re  have been 
confirmed by use  of t h e  E x p l o r e r  X V I I  s a t e l l i t e  from which t h e  
maximum value  of Te i s  p l a c e d  n e a r  9h l o c a l  t i m e  (Brace e t  a l ,  
1964) .  The e l e c t r o n  s c a l e  h e i g h t  r e s u l t s  from F i g u r e  4 a l s o  
s u g g e s t  a maximum T a t  approximate ly  t h e  same l o c a l  t i m e  
(Bauer and Blumle, 1964) .  H e r e  t h e  h i g h  scale h e i g h t s  for n i g h t -  
t i m e  c o n d i t i o n s  r e f l e c t  t h e  importance of l i g h t  i o n i c  c o n s t i t u e n t s .  
However, f o r  dayt ime c o n d i t i o n s  it would be expec ted  t h a t  mi is 
r e l a t i v e l y  c o n s t a n t  and t h u s  t h a t  t h e  e a r l y  morning maximum 
r e p r e s e n t s  a t r u e  Te maximum. I t  shou ld  be p o i n t e d  o u t  t h a t  t h e  
n a t u r e  and e x i s t e n c e  of an e a r l y  morning peak i n  Te h a s  n o t  been 
emphasized i n  t h e  A r i e l  s a t e l l i t e  r e s u l t s  (Willmore e t  a l ,  1963) .  

I t  is p o s s i b l e  t o  show from ionosonde d a t a  and Equa t ion  (1)  

e 

on t h e  assumption of no EUV a b s o r p t i o n  above 300 km t h a t  t h e  r a t i o  

&/Ne 
However, a t  high s o l a r  z e n i t h  a n g l e s  t h e r e  c o u l d  be enough absorp-  
t i o n  above 300 km t o  s h i f t  t h e  Te maximum t o  l a t e r  i n  t h e  morning.  
T h i s  r eason ing  would i n s e r t  a l a t i t u d e  and a l t i t u d e  dependence on 

t h e  t i m e  of t h e  d i u r n a l  Te maximum. I t  would be  e x p e c t e d  t h a t  t h e  
e f f e c t  becomes more d i f f u s e  a t  h i g h e r  a l t i t u d e s  because  h e r e  t h e  
d i u r n a l  ampli tude of t h e  i o n i z a b l e  c o n s t i t u e n t  h a s  i n c r e a s e d  
r e l a t i v e  t o  t h e  ampl i tude  of t h e  d i u r n a l  Ne v a r i a t i o n  (Bourdeau 

2 which c o n t r o l s  Te n e a r  t h e  F2 peak maximizes a t  dawn. 
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and Donley, 1963) .  

LATITUDE VARIATION OF ELECTRON TEMPERATURE 
E a r l y  ionosonde d a t a  showed t h a t  t h e  daytime e l e c t r o n  

d e n s i t y  a t  t h e  F2 maximum i n c r e a s e s  d r a s t i c a l l y  a s  one goes 
from m i d - l a t i t u d e s  toward t h e  geomagnetic e q u a t o r .  More r e c e n t l y ,  
r e s u l t s  from t h e  s a t e l l i t e  Alouet te  has  extended t h e  o b s e r v a t i o n  
t h a t  t h e  geomagnetic f i e l d  p lays  an impor tan t  r o l e  i n  governing 
t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  t o  a l t i t u d e s  w e l l  above t h e  F2 
peak. In  F igu re  5 is  p resen ted  an idealized r e p r e s e n t a t i o n  of 

t h e  l a t i t u d i n a l  behavior  of Ne p repared  by Jackson ( p r i v a t e  
communication) by combining tops ide  sounder  (Lockwood and N e l m s ,  

1963) and ionosonde (Wright,  1962) r e s u l t s .  O t h e r  A loue t t e  d a t a  
(King e t  a l ,  1963) show t h a t  t h e  e q u a t o r i a l  anomaly b u i l d s  up 
e a r l i e r  i n  t h e  day a t  t h e  e a s t e r n  l o n g i t u d e s .  It should  be c lear  
from t h e  i l l u s t r a t i o n  and Equation ( l ) ,  t h a t  i n  t h e  daytime Te 
should  i n c r e a s e  wi th  i n c r e a s i n g  l a t i t u d e  on t h e  b a s i s  of t h e  
e l e c t r o n  d e n s i t y  behavior  a lone ,  i f  w e  assume no EUV a b s o r p t i o n  
above 300 k m  and no  l a t i t u d e  dependence of t h e  n e u t r a l  g a s  
c h a r a c t e r i s t i c s .  An i n c r e a s e  of daytime e l e c t r o n  t empera tu res  
wi th  l a t i t u d e  is ind iLa ted  by a l l  t h r e e  methods of charged p a r t i c l e  
t empera tu re  i n v e s t i g a t i o n  f o r  a l t i t u d e s  below about 800 km. 
A l o u e t t e  s a t e l l i t e  d a t a  suggest  c o n s t a n t  e l e c t r o n  s c a l e  h e i g h t s  
above 800 km (King e t  a l ,  1963) 

magnet ic  e q u a t o r  (Bowles, 1963) show t h a t  i n  t h e  r e g i o n  200-350 k m  

Te/Ti is close t o  2 du r ing  t h e  daytime h o u r s ,  maximizing a t  about  
275 km. Above about 400 km i n  t h e  daytime t h e  r e s u l t s  show t h a t  
Te/Ti is u n i t y .  
c a t i o n )  for March 1964, i n  t h e  v i c i n i t y  of 1000°K a r e  observed .  

Depending on t h e  adequacy of t h e  H a r r i s - P r i e s t e r  r e f e r e n c e  

The ground-based incoherent  b a c k s c a t t e r  r e s u l t s  a t  t h e  geo- 

Daytime i o n  t empera tu res  (Bowles, p r i v a t e  communi- 
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atmosphere,  t h i s  would put  an upper l i m i t  on Te/T 
even dur ing  s o l a r  minimum c o n d i t i o n s .  
a t  h igh  a l t i t u d e s  would be expec ted  n e a r  t h e  geomagnetic e q u a t o r  
because of t h e  g e n e r a l l y  h i g h e r  v a l u e s  of Ne and because n e a r  
t h i s  l o c a t i o n  d i f f u s i o n  of p h o t o e l e c t r o n s  v e r t i c a l l y  t e n d s  t o  
be i n h i b i t e d .  T h i s  supposes  h e a t i n g  only  by EUV r a d i a t i o n .  

The i n c o h e r e n t  b a c k s c a t t e r  r e s u l t s  of Evans (1962, 1964) 
t aken  nea r  50° n o r t h  magnetic l a t i t u d e  show d r a s t i c a l l y  d i f f e r e n t  
behavior  of charged p a r t i c l e  t empera tu res .  T h i s  would be expec t -  
ed because of ( a )  t h e  g e n e r a l l y  lower v a l u e  of Ne t h a n  would 
e x i s t  a t  t h e  e q u a t o r ,  and t h e  h i g h e r  p r o b a b i l i t y  of (b)  t h e  

pho toe lec t ron  d i f f u s i o n  e f f e c t  and ( c )  a d d i t i o n a l  s o u r c e s  of 
i o n i z a t i o n .  The e a r l i e r  r e s u l t s  of Evans'  t aken  i n  March-April 
1962, show daytime r a t i o s  of Te/Ti of up t o  1 .6  i n  t h e  300-400 km 
and t h a t  Te i n c r e a s e s  w i t h  a l t i t u d e  up t o  700 k m  (Evans,  1962) .  
In  more r ecen t  r e s u l t s  t aken  du r ing  J u l y  1963, Evans (1964) o f f e r s  
t w o  p o s s i b l e  i n t e r p r e t a t i o n s  f o r  h i s  daytime d a t a  o b t a i n e d  f o r  
a l t i t u d e s  up t o  700 km: ( a )  i f  t h e  i o n i c  c o n s t i t u e n t  is a l l  O', 

Te and Ti c o n t i n u a l l y  i n c r e a s e  w i t h  a l t i t u d e  t o  v a l u e s  of 2320°K 
and 2040°K a t  approximately 700 k m  o r  (b)  assuming a mixture  of 
80 p e r c e n t  0' and 20 pe rcen t  He' a t  700 km, Te maximizes a t  
about  450 km t hen  d e c r e a s e s  t o  1960°K a t  700 k m  whi le  Ti i n c r e a s e s  
t o  a va lue  of 1410°K a t  700 k m .  

r e s u l t s  (Hanson, 1962; Bourdeau e t  a l ,  1962; Bowen e t  a l ,  1963; 
Gringauz e t  a l ,  1963; Tay lo r  e t  a l ,  1963) would imply t h a t  
t h e  l a t t e r  a l t e r n a t i v e  is  t h e  more l i k e l y .  If so, i t  would be 
c o n s i s t e n t  w i t h  h igh  v a l u e s  of &/Ne2 p e r m i t t i n g  h igh  v a l u e s  of 
Te e s p e c i a l l y  below 450 k m ,  and t h e  p o s s i b i l i t y  t h a t  c o o l i n g  t o  
l i g h t  i o n i c  c o n s t i t u e n t s  is becoming e f f e c t i v e  above 450 km. 

It  should  be noted t h a t  Equat ion (1)  a p p l i e s  o n l y  f o r  0' and t h a t  

of 1 . 2  
g 

Low v a l u e s  f o r  Te/T 
g 

The t r e n d  of i o n  composi t ion 

a 
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. 

t h e  coo l ing  e f f i c i e n c y  t o  ions  should be i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  i o n i c  mass, m i .  

Direct e l e c t r o n  temperature  measurements measured w i t h  t h e  

use of t h e  Ariel s a t e l l i t e  a l s o  show t h a t  Te s i g n i f i c a n t l y  
i n c r e a s e s  wi th  l a t i t u d e  (Willmore e t  a l ,  1963) t h e  s t e e p e s t  
g r a d i e n t  cen te red  a t  a geomagnetic l a t i t u d e  of about 20°. 
midday Te va lue  given a t  t h e  geomagnetic e q u a t o r  f o r  an a l t i t u d e  
of 400 km is about 900°K which compares f avorab ly  wi th  T 

g 
by H a r r i s - P r i e s t e r  f o r  t h e  p e r t i n e n t  l e v e l  of s o l a r  a c t i v i t y  
and w i t h  t h e  T. measurements of Bowles. The t r e n d  of t h e  

l a t i t u d e  v a r i a t i o n  a t  400 km from t h e  A r i e l  s a t e l l i t e  is g e n e r a l l y  
c o n s i s t e n t  w i t h  t h e  l a t i t u d e  v a r i a t i o n  Ne and t h u s  both  t h e  ground- 
based r e s u l t s  of Bowles and of Evans (Willmore e t  a l ,  1963).  

The 

g iven  

1 

However, t h e  s i t u a t i o n  above 400 k m  is more complicated.  The 
A r i e l  r e s u l t s  show Te i n c r e a s i n g  w i t h  a l t i t u d e  up t o  maximum h e i g h t  
of t h e  obse rva t ions  a t  a l l  l a t i t u d e s .  The con t inu ing  i n c r e a s e  
w i t h  a l t i t u d e  of Te from A r i e l  a t  h i g h e r  l a t i t u d e s  would be con- 
s i s t e n t  w i t h  t h e  1962 r e s u l t s  of Evans but  not  f o r  t h e  l i k e l y  
p o s s i b i l i t y  which Evans o f f e r s  t h a t  Te dec reases  above 450 km f o r  
h i s  1963 r e s u l t s ,  W e  s u f f e r  here i n  t h e  comparison from a lack 

of s i m u l t a n e i t y  i n  t h e  obse rva t ions .  
a l t i t u d e s  i n  1962 is perhaps r e c o n c i l a b l e  w i t h  a p o s s i b l e  decrease 
i n  Te above 450 k m  i n  1963 on t h e  base of a lowering w i t h  s o l a r  
a c t i v i t y  of t h e  0' - He' t r a n s i t i o n  a l t i t u d e .  

t h e  a l t i t u d e  of t h e i r  formation is no t  y e t  c l e a r .  W e  have made 
a c a s e  t h a t  f o r  t h e  December 1962 mid - l a t i t ude  p r o f i l e  t h e  r a t i o  
of Q/Qc p o s s i b l y  is l a r g e  enough t h a t  t h e  h igh  v a l u e s  of Te 
observed up t o  500 k m  a t  mid - l a t i t udes  could  be exp la ined  on t h e  

b a s i s  of t h e  E W  effect  and heat  conduct ion i n  t h e  e l e c t r o n  g a s .  

An i n c r e a s e  of Te a t  a l l  

The f a t e  of t h e  photoe lec t rons  which appa ren t ly  escape from 
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I n  h i s  i n t e r p r e t a t i o n  of t h e  daytime a l t i t u d e  behav io r  of Te 
from t h e  Ariel s a t e l l i t e ,  Willmore (1963) f i n d s  t h a t  f o r  a l t i t u d e s  
up t o  600 km, t h e  a l t i t u d e  dependence of t h e  h e a t  i n p u t  computed 
from t h e  observed Te and Ne (cf Equat ion 1 )  f o l l o w s  t h e  scale 
h e i g h t  of atomic oxygen and t h u s  a l s o  concludes  t h a t  t h e  main 
energy  input  below 600 k m  is by t h e  p h o t o i o n i z a t i o n  of a tomic 

oxygen. He a d d i t i o n a l l y  f i n d s  t h a t  t h e  i n c r e a s e  of Te above 800 km 
c a n  be expla ined  by a d d i t i o n a l  energy i n p u t  from t h e  p h o t o e l e c t r o n s  
d i f f u s i n g  from below t o g e t h e r  w i t h  t h e  main energy l o s s  mechanism 
be ing  thermal  conduct ion i n  t h e  e l e c t r o n  gas  r a t h e r  t han  c o l l i s i o n s  
wi th  p o s i t i v e  i o n s .  H i s  conc lus ions  assume t h a t  t h e  photo ioniza-  
t i o n  of helium is unimportant  and a d d i t i o n a l l y  depend on an assumed 
model atmosphere. 

NIGHTTIME CHARGED PARTICLE TEMPERATURE MEASUREMENTS 

The charged p a r t i c l e  tempera ture  measurements of F i g u r e s  2 

and 3 a r e  too  s p a r s e  and t h e  dependency on t h e  assumed r e f e r e n c e  
atmosphere t o o  c r i t i c a l  t o  draw f i r m  c o n c l u s i o n s  about  d e p a r t u r e s  
from temperature  e q u i l i b r i u m  a t  n i g h t  f o r  mid-solar  cycle c o n d i t i o n s .  
Bowles e t  a1 (1962) observe  t h a t  Te/Ti is u n i t y  a t  n i g h t  a t  t h e  
geomagnetic e q u a t o r  w i th  Ti = 600°K, t h e  l a t t e r  v a l u e  be ing  i n  f a i r  
agreement with t h e  H a r r i s - P r i e s t e r  r e f e r e n c e  atmosphere.  R e m e m b e r -  
i n g  t h e  d i f f e r e n t  a l t i t u d e s  and t i m e s  of t h e  o b s e r v a t i o n s ,  W i l l m o r e  
e t  a 1  (1963) r e p o r t  t h a t  a t  1000 k m  midnight  v a l u e s  of Te i n c r e a s e s  
f r o m  about  800°K a t  t h e  e q u a t o r  t o  1400°K a t  60° magnet ic  l a t i t u d e .  
Evans (1964) i n d i c a t e s  a s m a l l  bu t  s i g n i f i c a n t  d e p a r t u r e  from 
t empera tu re  e q u i l i b r i u m  i n  t h e  F r e g i o n  a t  50 n o r t h  magnet ic  
l a t i t u d e .  The d e f i n i t e  ev idence  f r o m  t h e  A r i e l  s a t e l l i t e  for q u i t e  
s i g n i f i c a n t  d e p a r t u r e s  from t empera tu re  e q u i l i b r i u m  a t  n i g h t  a t  . 
medium l a t i t u d e s  have been confirmed by r o c k e t  measurements (Brace 
e t  a l ,  1963) .  The A r i e l  r e s u l t s  show t h a t  t h e  n i g h t t i m e  d e p a r t u r e  

N 

0 
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from equilibrium becomes more pronounced at the higher latitudes. 
The nighttime source required to explain the Ariel observations 
has been estimated to be less than 30 percent of the daytime E W  

heat input (Willmore, 1963). 
As an example of the sensitivity of nighttime electron 

temperatures to small sources of heat input, consider Equation (1) 
and the fact that for solar minimum conditions, Ne varies by a 
factor of 4 from day to night at 400 km (Bauer and Blumle, 1964). 
From these considerations, it can be shown that less than 10 
percent of the daytime E W  heat input would be required at night 
to maintain the same temperature difference (Te - T ) throughout 
the day. 

g 

SUMMARY AND CONCLUSIONS 
For all temporal conditions and latitudes, large departures 

g 
> from temperature equilibrium (Te/T = 2) are observed in the 

daytime lower F region at the altitude of maximum rate of electron 
productions. 
are maintained to very high altitudes in winter at mid-latitudes 
in the middle of the solar cycle. Daytime mid-latitude data taken 
for summer and/or solar minimum conditions when electron densities 
generally are much lower reveal much larger values of Te/T 
persisting to altitudes well above the F2 maximum. There is con- 
siderable evidence at least for altitudes below 600 km that the 
diurnal electron temperature maximum occurs in the early morning. 
Observed increases of daytime electron temperature with latitude 
follows the observed electron density which is under geomagnetic 
control. All of these temporal and latitudinal trends in the 
observed electron temperature are consistent with E W  as the pre- 
dominant daytime source of electron heating. 

Moderate but significant daytime values for Te/T g 

g 
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The u n c e r t a i n t i e s  i n  c a l c u l a t i n g  t h e  EUV e f f e c t  make it d i f f i c u l t  
t o  i n f e r  o t h e r  p o s s i b l e  dayt ime h e a t  s o u r c e s  a t  t h e  p r e s e n t  t i m e .  

The charged  p a r t i c l e  t empera tu re  o b s e r v a t i o n s  s t r o n g l y  s u g g e s t  
t h e  p o s s i b i l i t y  t h a t  no t  a l l  of  t h e  EUV energy  is l o c a l l y  d e p o s i t e d ,  
an impor t an t  f a c t o r  t o  be c o n s i d e r e d  i n  t h e  t h e o r i e s  of fo rma t ion  
of t h e  ionosphere.  There is some evidence  p r i n c i p a l l y  from back- 
s c a t t e r  exper iments  t h a t  t h e  i o n  t empera tu re  is c o n t r o l l e d  by 
e l e c t r o n s  a t  very  h igh  a l t i t u d e s .  

S i g n i f i c a n t  d e p a r t u r e s  from t empera tu re  e q u i l i b r i u m  a t  n i g h t  
have been observed e s p e c i a l l y  f o r  c o n d i t i o n s  close t o  s o l a r  minimum. 
The e s t i m a t e d  i n t e n s i t y  of  t h i s  a d d i t i o n a l  h e a t  s o u r c e  i n c r e a s e s  
w i t h  l a t i t u d e  b u t  a t  a l l  l a t i t u d e s  is o n l y  a f r a c t i o n  of t h e  
dayt ime EUV e f f e c t .  
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FIGURE CAP" IONS 

Figure  1. Typ ica l  w i n t e r  mid - l a t i t ude  e l e c t r o n  d e n s i t y  
p r o f i l e s .  

F i g u r e  2. D iu rna l  e l e c t r o n  tempera ture  v a r i a t i o n  measured 
d u r i n g  November 1960 from t h e  Exp lo re r  V I 1 1  
S a t e l l i t e  f o r  magnet ica l ly-quie t  days  a t  mid- 
l a t i t u d e s  assuming Te is c o n s t a n t  w i t h  a l t i t u d e  
(425-2400 KM) . 

F i g u r e  3. E a r l y  charged p a r t i c l e  kemperature measurements 
i n  t h e  upper ionosphere . 

F i g u r e  4. S c a l e  h e i g h t s  a t  500 km from A l o u e t t e  S a t e l l i t e  
d a t a  (Bauer-Blumle, 1964) . 

F i g u r e  5. I d e a l i z e s  r e p r e s e n t a t i o n  of e q u a t o r i a l  anomaly 
a long  75 W meridian based upon d a t a  by Lockwood 
and N e l m s  (Topside) and J. W. Wright (Bot tomside) .  
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